Tomato polygalacturonase is a cell wall enzyme secreted in large amounts during tomato fruit ripening. Polygalacturonase is synthesized as a glycoprotein precursor that undergoes numerous cotranslational and post-translational processing steps during its maturation, yielding three isozymes in tomato fruit, PG1, PGPA, and PGPB. To investigate the physiological roles of the three isozymes and the functional significance of the polygalacturonase processing domains in its intracellular transport and activity, we have examined polygalacturonase expression in transgenic tobacco plants. A full-length polygalacturonase cDNA was placed under control of the cauliflower mosaic virus 35s promoter and introduced into tobacco by way of Agrobacterium-mediated transformation. Analysis of transgenic tobacco plants indicated that (1) immunologically detectable polygalacturonase can be extracted from leaves, roots, and stems of transgenic tobacco plants;
INTRODUCTION
Tomato fruit ripening is the result of a complex developmental program affecting metabolic processes in every compartment of the cell. A major component of this developmental program is the degradation of pectic polymers in the cell wall, which is brought about by the action of a ripening-induced enzyme, polygalacturonase (Themmen et al., 1982; Crookes and Grierson, 1983; Huber, 1983a; Giovannoni et al., 1989) . Polygalacturonase accumulates to high levels in ripening tomato fruit, suggesting an important role for the enzyme in the developing fruit. Although a correlation between polygalacturonase accumulation and tomato fruit softening has been documented (Huber, 1983b , and references therein), recent evidence indicates that, by itself, degradation of polyuronides by polygalacturonase is insufficient to cause tomato fruit softening (Giovannoni et al., 1989) . Thus, the physiological function of this enzyme remains unclear.
Tomato fruit polygalacturonase comprises three isozymes: PGI , PGPA, and PG2B (Pressey and Avants, 1973;  ' Current address: Department of Biochemistry, Life Sciences South, Room 303, University of Arizona, Tucson, AZ 85721. * To whom correspondence should be addressed. Tucker et al., 1980; Ali and Brady, 1982) . PG2A and PG2B appear to function as monomeric catalytic subunits of 45 kD and 46 kD, respectively, with the size difference arising from a difference in extent of glycosylation (DellaPenna and Bennett, 1988) . PG1 is a more complex protein of approximately 1 O0 kD consisting of a single catalytic polygalacturonase subunit (either PG2A or PGPB) in association with a second glycoprotein subunit of 41 kD (Moshrefi and Luh, 1983) . This subunit is immunologically unrelated to PG2A and PG2B (T. Moore and A.B. Bennett, unpublished results) and may be the polygalacturonase converter that converts the PG2 isozymes to PGI in vitro (Tucker et al., 1981; Pressey, 1984) .
Most work on polygalacturonase has focused on characterizing the PGPA and PG2B catalytic subunits, which function both as monomers and as subunits of PG1. The biosynthesis and maturation of these monomers are themselves complex. Both PG2A and PG2B appear to be the products of a single gene and are synthesized as a larger molecular weight precursor that undergoes a number of processing events during conversion to the mature protein. Cell wall proteins were extracted as described in Methods, separated by SDS-PAGE, electroblotted to nitrocellulose, and probed with polygalacturonase antiserum. Lane 1, 0.5 /ig of purified tomato PG2A and PG2B; lane 2, 50 ng of cell wall protein from a control plant transformed with vector alone; lanes 3 to 7, 50 ^g of cell wall protein from five different transgenic tobacco plants. The sizes of PG2A and PG2B are 45 kD and 46 kD, respectively. similar analysis in transgenic rin tomato fruit expressing a chimeric polygalacturonase gene suggests that PG1 alone catalyzes polyuronide degradation in vivo (DellaPenna et al., 1990) .
To address the functional significance of processing events that contribute to the maturation, intracellular transport, and physiological function of the polygalacturonase isozymes, we have characterized expression of the catalytic polygalacturonase subunits in transgenic tobacco. The results of these experiments indicated that the protein processing apparatus, which functions in the maturation of tomato fruit polygalacturonase, is conserved in vegetative tissue of tobacco. In addition, these results have provided an opportunity to assess the function of the PG2 isozymes in the absence of PG1.
RESULTS
endoplasmic reticulum (DellaPenna and Bennett, 1988) , as well as extensive post-translational modification of the core oligosaccharides in the Golgi (Moshrefi and Luh, 1983) . Recent evidence suggests that the differences in glycosylation between PG2A and PG2B result from differences in cotranslational core glycosylation rather than from differential processing of the glycan side chains (DellaPenna and Bennett, 1988) . Comparison of the amino acid sequence of mature PG2A and PG2B with the amino acid sequence deduced from cDNA clones further indicates at least two additional proteolytic processing steps, one that removes 47 amino acids following the signal sequence (DellaPenna and Bennett, 1988) , and another that removes 13 amino acids from the C terminus of the precursor protein (Sheehy et al., 1987) . Both of these proteolytic events are presumed to occur post-translationally, although the subcellular sites of these cleavages and whether they occur in one or in multiple steps are not known.
Although all three polygalacturonase isozymes are active when assayed in vitro (Pressey and Avants, 1973; Tucker et al., 1980; Ali and Brady, 1982) , their distinct temporal patterns of accumulation in ripening tomato fruit have led to some controversy regarding the function of each isozyme in vivo. Pressey (1988) has suggested that PG1 is an artifact of extraction, PG2A and PG2B being the only isozymes present in vivo, whereas Knegt et al. (1988) have presented data contrary to this view and proposed that PG1 is the physiologically functional isozyme in vivo. Recent analysis of polygalacturonase isozyme accumulation in transgenic tomato fruit exhibiting reduced levels of polygalacturonase has led to the proposal that the PG1 and PG2 isozymes are responsible for distinct aspects of polyuronide degradation (Smith et al., 1990) , whereas a
Synthesis, Processing, and Isozyme Composition of Polygalacturonase in Transgenic Tobacco
A full-length tomato fruit polygalacturonase cDNA (DellaPenna and Bennett, 1988) was fused to the cauliflower mosaic virus 35S promoter and NOS 3' terminator in the binary vector pMON530 and introduced into tobacco by way of •Agrotoacter/i/m-mediated transformation. Transformants selected for kanamycin resistance and nopaline synthase activity were assayed for the presence of polygalacturonase protein by immunoblotting with polygalacturonase antiserum. Figure 1 shows an immunoblot of crude cell wall extracts from leaves of five different transgenic tobacco plants and one control plant transformed with vector only. Levels of immunologically detectable polygalacturonase varied among transformants, as shown by the varying band intensities in Figure 1 . Polygalacturonase was also detected in cell wall extracts from stems and roots of transgenic tobacco plants, but at somewhat lower levels than in leaves (data not shown).
The immunoblot in Figure 1 also shows that two immunoreactive polypeptides corresponding to purified tomato fruit PG2A and PG2B accumulated in transgenic tobacco leaves. This was true for all transgenic plants that had immunologically detectable levels of polygalacturonase. These results clearly demonstrated that PG2A and PG2B represent differentially processed forms of a single gene product because a single cDNA was transferred into tobacco. In addition, the electrophoretic mobilities of these polypeptides on SDS gels ( Figure 1 ) and native gels (see below) are identical to the mobilities of authentic tomato fruit PG2A and PG2B, suggesting that the cotranslational and post-translational processing of polygalacturonase in transgenic tobacco closely parallel the normal processing in ripening tomato fruit. (A) Polygalacturonase protein from leaves of transgenic tobacco was partially purified, blotted to PVDF membrane, and stained with Coomassie Blue as described in Methods. Lane 1 contains about 350 ng (8 pmol) of polygalacturonase from transgenic tobacco; tomato polygalacturonase is shown in lane 2 for comparison. Molecular weight markers are as indicated. The two bands corresponding to PG2A and PG2B from transgenic tobacco, indicated by the bracket, were excised from the blot, and the N termini of both bands were sequenced together. (B) The N-terminal sequence of mature polygalacturonase from transgenic tobacco is shown on the bottom line; the N terminus of authentic tomato polygalacturonase, corresponding to amino acid 72 of the precursor encoded by the cDNA, is shown for comparison. The asterisk (*) indicates data from DellaPenna and Bennett (1988) .
To evaluate the proteolytic processing in greater detail, the N-terminal sequence of the transgenic polygalacturonase protein was determined. Following partial purification of polygalacturonase from leaves of transgenic plants, the proteins were separated by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membrane by electroblotting, and visualized by Coomassie Blue staining. The two bands corresponding to PG2A and PG2B, shown in Figure 2A , were excised from the blot and sequenced together by sequential Edman degradation. The yield of PTH-derivatized amino acid was close to 100% (112% and 87% in the first and second cycles, respectively), indicating that both isozymes were being sequenced. A single N-terminal sequence was obtained ( Figure 2B ), which was identical to that of authentic tomato PG2A and PG2B (DellaPenna and Bennett, 1988) . This result demonstrated proper cleavage of the polygalacturonase prosequence in transgenic tobacco tissue.
To determine the nature and extent of polygalacturonase glycan processing in transgenic tissue, deglycosylation experiments were carried out on extracts of tomato and tobacco cell wall protein. Figure 3 shows that both tomato and tobacco polygalacturonase were insensitive to deglycosylation by endo-/3-A/-acetylglucosaminidase H (endo H), which has a specificity for cleavage of high-mannose oligosaccharide side chains but not complex side chains (Kornfeld and Kornfeld, 1985) . An ovalbumin control was completely deglycosylated in the presence of the tobacco extracts, indicating that endo H activity was not inhibited by the tissue extract (data not shown). Interestingly, polygalacturonase was insensitive to enzymic deglycosylation by peptide:A/-glycosidase F (data not shown), which has been used successfully for complete deglycosylation of some complex glycoproteins (Tarentino and Plummer, 1982) . Chemical deglycosylation of partially purified tomato and tobacco polygalacturonase using trifluoromethanesulfonic acid (TFMS) resulted in similar molecular weight shifts for both proteins, yielding single bands of about 42 kD in both cases ( Figure 3 ). These results, in conjunction with the N-terminal sequence analysis, suggested that in to-
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Tom Tob Tom Tob Tom Tob Cell wall proteins were extracted as described in Methods, separated in a nondenaturing gel system, and stained for polygalacturonase activity. Lanes 1 to 4, 40 ^9 of cell wall protein from leaves of different transgenic tobacco plants (lanes 2 to 4) and one control plant (lane 1); lane 5, 5 ng of cell wall protein from pericarp of ripe tomato fruit.
bacco as well as tomato the difference in the apparent molecular weights of PG2A and PG2B results from heterogeneity in the glycan side chains of the two isozymes rather than from differences in the primary structures of their polypeptide backbones.
To determine the isozyme composition of polygalacturonase in transgenic tobacco, cell wall proteins from leaves of transgenic plants were separated on nondenaturing gels and stained for polygalacturonase activity. Figure 4 shows that both PG2 isozymes were present in these extracts, in agreement with the immunoblots shown in Figure 1 either soluble or cell wall extracts of control plants transformed with vector alone. However, because mature polygalacturonase is a highly basic protein (pi value approximately 10), it is possible that a soluble pool of polygalacturonase, if one existed, could become ionically associated with the cell wall fraction during homogenization. To address this possibility, we analyzed polygalacturonase levels in extracts of whole leaves and leaf protoplasts. The immunoblot shown in Figure 6 kD -31.0
to assess the function of the PG2 isozymes in the absence of PG1. Because only PG2A and PG2B are synthesized in transgenic tobacco, we were led to ask whether the accumulation of these two isozymes alone resulted in polyuronide degradation. To answer this question, cell walls were isolated from leaves of both transgenic and control plants and their levels of chelator-soluble uronic acid were determined (Huber, 1983a) . A chelator is necessary to release pectins that have been hydrolyzed but remain bound to the cell wall by ionic linkages to other insoluble acidic polymers. This assay provides a measure of the extent of pectin degradation occurring in vivo. The data shown in Table 1 indicate that there was no detectable difference between the amounts of chelator-soluble uronic acids present in cell walls of transgenic and control plants.
In transgenic tobacco, therefore, the PG2 isozymes were apparently inactive in pectin degradation in vivo, even though cell wall extracts exhibited activity in vitro, as shown by the data in Table 2 and by the polygalacturonase activity stain of the native gel in Figure 4 . The amount of polygalacturonase activity in leaf tissue of transgenic tobacco when expressed per microgram of cell wall (Table  2) is about 60% of the level in ripe tomato fruit and approximately equal to the amount in mid-ripe tomato fruit, a stage when near-maximal pectin degradation has occurred (Giovannoni et al., 1989 ).
--45.7 genie tobacco. Attempts to localize polygalacturonase within the cell walls of transgenic tobacco by immunoelectron microscopy were not successful.
Degradation of Tobacco Cell Wall Pectins by Tomato PG2 in Vivo
Although all three of the polygalacturonase isozymes from tomato exhibit enzymic activity in vitro (Pressey and Avants, 1973; Tucker et al., 1980; Ali and Brady, 1982) , it is not known whether all three isozymes function in pectin degradation in vivo. Because PG2A and PG2B always accumulate after PG1 in tomato, it has not been possible
Degradation of Tobacco Cell Wall Pectins by Tomato PG2 in Vitro
A possible explanation for the lack of in vivo pectin degradation in transgenic tobacco may be that tobacco cell wall pectin cannot serve as a substrate for tomato poly- Plants 1 and 2 are the same as those represented in lanes 6 and 5, respectively, of Figure 1 . "Based on a mean value of 20 pg of cell wall per gram, fresh weight, of tobacco leaf tissue. galacturonase. To address this possibility, cell walls isolated from tobacco leaves were subjected to degradation by purified tomato PG2A and PGPB in vitro. Pectin degradation was carried out in the presence and absence of pectin methylesterase, which hydrolyzes methyl ester groups from the pectin carboxyl groups, thereby rendering the pectin more susceptible to attack by polygalacturonase (Pressey and Avants, 1982) . A parallel set of digestions on cell walls isolated from green tomato fruit, the natural substrate of polygalacturonase, was also carried out for comparison, and the results are shown in Figure 7 . Although pectin methylesterase enhanced degradation of tobacco cell wall pectins by tomato PG2A and PG2B, indicating a degree of methyl-esterification of the tobacco polyuronides, there was substantial degradation of tobacco pectins in the presence of the PG2 isozymes alone (Figure 7 , top panel) . The extent of tobacco cell wall pectin degradation was about 50% of that seen for tomato cell walls (Figure 7, bottom panel) . These results demonstrated that tobacco cell wall pectins can be degraded by tomato PG2'and suggested that the lack of activity in vivo in transgenic tissue is probably due to factors other than the nature of the tobacco cell wall substrate or the degree of pectin methyl-esterification.
DISCUSSION
We have undertaken the current analysis to establish the suitability of tobacco as a model system to investigate the molecular basis for the processing, secretion, and activity of tomato polygalacturonase. Successful use of a transgenic system requires a demonstration that the system reproduces the native situation with sufficient fidelity to allow a sound basis for interpreting the effects of molecular manipulations in the context of the homologous system.
We have shown here that in all aspects examined the polygalacturonase isozymes expressed in transgenic tobacco are indistinguishable from their tomato fruit counterparts. The proteins are identical at the N terminus, indicating proper proteolytic processing of the pro-sequence in the transgenic host. The degree of glycosylation and extent of oligosaccharide processing were similar in the two systems. Although the C terminus was not sequenced, the similar mobilities of the tomato and transgenic polygalacturonase proteins on both native and denaturing gels suggest proper cleavage of the C terminus; the presence of the C terminus would add approximately 1.3 kD to the molecular size of the protein and likely alter its charge characteristics, affecting its migration on both native and denaturing gels. Collectively, these results polygalacturonase and pectin methylesterase (PG/PME, A), or no added enzyme (O) . Aliquots of the incubation medium were removed at the indicated times and assayed for soluble uronic acids. Reaction conditions were as described in Methods. strongly suggest that the protein processing apparatus in tobacco faithfully reproduces all of the processing events that normally occur for PG2A and PG2B in tomato fruit. Although other plant proteins have been expressed and shown to be correctly processed in transgenic tobacco (Hoffman et al., 1987; Sturm et al., 1988; Sonnewald et al., 1989; Wilkins et al., 1990) , expression of heterologous proteins in this system sometimes results in accumulation of molecular forms not normally observed in the native tissue (Higgins et al., 1988; Post-Beitenmiller et al., 1989; Altabella and Chrispeels, 1990) . It is, therefore, significant that polygalacturonase, whose complex maturation process includes core glycosylation, oligosaccharide modification, and at least three proteolytic processing steps, appears to undergo identical processing events in the transgenic host, including the heterogeneous reactions associated with maturation of the PG2A and PG2B isozymes.
Only two of the three polygalacturonase isozymes normally present in tomato fruit were synthesized in transgenic tobacco; PG1 was not detected. The most likely explanation for this is that the 41-kD subunit required for assembly of PG1 is not encoded by the tobacco genome or is not expressed in vegetative tissue. Unfortunately, this subunit has neither been purified nor its cDNA cloned, so the molecular probes necessary to examine its expression are not yet available.
Upon undertaking this study, we were concerned that constitutive expression of a cell wall hydrolase normally present only during a senescent stage of the tomato life cycle might preclude the regeneration of transformed plants. Nevertheless, transgenic plants expressing high levels of polygalacturonase in leaves, stems, and roots regenerated readily, grew normally, flowered, and set viable seed. In addition, ultrastructural observations revealed no obvious differences in cell wall structure between transgenic and control plants (results not shown), as is observed as a consequence of polygalacturonase action in tomato fruit (Craokes and Grierson, 1983) . These observations. in of polygalacturonase in ripening tomato fruit, as has been proposed previously (Knegt et al., 1988) . The results presented here showing that accumulation of PG2A and PG2B in transgenic tobacco is insufficient to promote detectable pectin degradation in vivo are consistent with this hypothesis. When the clone for the 41-kD subunit of PGl becomes available, this hypothesis might be tested by expressing this subunit in these same transgenic tobacco plants and assaying for PG1 accumulation and pectin degradation.
Although the absence of PG1 is an intriguing explanation for the lack of pectin degradation in the leaves of transgenic tobacco, there are other possible explanations. One possibility is that the biochemical milieu of the tobacco cell wall is incompatible with polygalacturonase activity. For instance, high calcium levels, if present in the cell wall, would inhibit polygalacturonase activity (Buescher and Hobson, 1982) . Another possibility is that although the enzyme appears to be secreted to the cell wall, it may not be accessible to its polyuronide substrate because of improper targeting within the cell wall. It is also conceivable that the native structure of the tobacco cell wall is unsuited to degradation by the tomato enzyme in vivo, even though our results show that isolated tobacco cell walls are an acceptable substrate for purified tomato PG2 in vitro.
We have shown that the fidelity of polygalacturonase transpor? and processing is conserved in transgenic tobacco. This heterologous expression system thus provides a means for examining the functions of the various processing steps associated with maturation of this complex protein. In addition, this transgenic host may allow a critical test of the hypothesis that PG1 is required to catalyze polyuronide degradation in vivo.
METHODS

Plant Transformation and Growth
conjunction with the absence of PG1, led us to investigate the possibility that the PG2 isozymes expressed in the transgenic wereJ not causing the degradation Of pectins in vivo^ even though active enzyme could be extracted.
In ripening tomato fruit, PG1 accumulates before PG2 (Tucker et al., 1980; Brady et al., 1983) . Pectin degradation commences with the appearance of PG1, and continues after the accumulation of PG2 has begun (Pressey, 1986) . However, in a recent experiment in our laboratory that ase in transgenic rin tomato fruit (Giovannoni et al., 1989) , The full-length polygalacturonase cDNA (DellaPenna and Bennett, 1988) was subcloned into the Smal site of the binary plant expression vector pMON530 (Shah et al., 1986) . The resulting plasmid was used to transfect the Agrobacterium tumefaciens strain GV3111 SE harboring the disarmed Ti plasmid pTiB6S3SE (Rogers et ai., 1986) . Leaf pieces of axenically grown Nicotiana tabacum cv Xanthi and A. tumefaciens were cocultivated at 28% on nurse culture plates essentially by the method of Rogers et al. (1986) . Putative transfOr"nts were regenerated on 100 mg/L kanamycin sulfate (Boehringer Mannheim) and 300 mg/L carbenmedium (GIBCO) containing Nitsch's vitamins (Nitsch, 1969) , 1 mg/L benzyladenine, and 0.1 mg/L naphthalene acetic acid.
shoots in 1 O0 mg/L kanamycin in the same medium but without hormones, and also by assaying rooted shoots for the presence of nopaline (Otten and Schilperoort, 1978) . Kanamycin-resistant, nopaline-positive transformants were maintained axenically in 1-resulted in a more gradual accumulation of polygalacturon-icillin (GeoPen) in a Murashige and Skoog (1962) complete agar it was noted that pectin degradation coiricided with the Transformants were fufiher s&cted by rooting regenerated Of PG1 and that no further degradation curred after PG2A and PG2B b%an to accumulate (DellaPenna et al., 1990) . These reSultS suggested the possibility that PG1 is the only physiologically active form quart canning jars on the same medium containing 1 mg/L IAA and 0.15 mg/L kinetin without antibiotics. Except during cocultivation, all plant material was grown at 25°C with a 16-hr day length at a light intensity of 70 pmol m-' sec-'. Transgenic plants transformed with the empty pMON530 vector were also generated and are the controls referred to in the text and figures.
Protein Extraction and Polygalacturonase Assays
Protein was extracted from tobacco tissue essentially as previously described for tomato fruit tissue (DellaPenna et al., 1987) . Briefly, leaf tissue was homogenized on ice in 1 volume to 3 volumes of 20 mM Tris, 5 mM 2-mercaptoethanol, pH 7, or 20 mM Mes, 3 mM DTT, pH 5.5 (low-salt buffers). Homogenization at pH 5.5 yielded polygalacturonase protein of higher activity and was used for enzyme activity data shown in Figure 4 and Table  2 . The homogenate was centrifuged at 15,0009 for 15 min at 4OC. The cell debris pellet was resuspended for 1 hr at O°C in 1.7 M NaCI, 15 mM EDTA, 50 mM sodium citrate, pH 5.5 (high-salt buffer), with 3 mM DTT added for data shown in Figure 4 and Table 2 . The slurry was centrifuged at 15,0009 for 20 min at 4OC. The supernatants from both centrifugations were brought to 80% saturation with ammonium sulfate. The precipitates were collected by centrifugation as above, dissolved in 100 mM NaCI, 10 mM sodium acetate, 1 mM DTT, pH 6.0 (pH 5.0 for Table 2 and Figure  4) , and dialyzed against the same buffer. The ammonium sulfate precipitates from the low-salt and high-salt supernatants are the soluble and cell wall fractions, respectively, referred to in the text and figure legends.
For the data shown in Figure 6 , total (soluble and cell wall) protein was extracted by homogenizing protoplasts or whole leaves in high-salt buffer to release soluble and cell wall proteins into the supernatant. The cell debris was pelleted and discarded and the supernatants were treated as above.
Protein was determined by the method of Bradford (1976) or Smith et al. (1985) . Polygalacturonase activity was measured as in DellaPenna et al. (1987) .
N-Terminal Sequence Analysis
Polygalacturonase was partially purified from leaves of a single transgenic plant essentially as described previously for tomato (DellaPenna et al., 1986) . The ammonium sulfate precipitate obtained as described above was resuspended in 0.1 M NaCI, 20 mM Mes, pH 6.0, dialyzed against the same buffer, concentrated by ultrafiltration (Amicon Corp.), filtered on a 0.22-pm filter (Millipore Corp.), and chromatographed on a 1-mL Mono S cationexchange column (Pharmacia LKB Biotechnology Inc.). Proteins were eluted over 20 min using a linear gradient of 0.1 M to 0.8 M NaCl in 20 mM Mes, pH 6.0, at a flow rate of 1 mL/min. Fractions of 0.5 mL were collected and those containing immunologically reactive polygalacturonase protein were pooled, dialyzed against a buffer containing 0.1 M sodium acetate, 1 M NaCI, 1 mM MgCI,, 1 mM CaCI2, 1 mM MnCI,, and subjected to concanavalin A-Sepharose chromatography (Sigma) as described previously (DellaPenna et al., 1986) . The eluant was dialyzed against 20 mM Tris, pH 7.8,l O0 mM NaCI, concentrated by ultrafiltration, applied to the Mono S column, and eluted over a 30-min period using a linear gradient of 0.1 M to 0.8 M NaCl in 20 mM Tris, pH 7.8, at a flow rate of 1 mL/min. Fractions containing polygalacturonase were pooled and concentrated to about 50 pL using a Centricon filter.
A portion of the purified sample containing an estimated 8 pmol of polygalacturonase protein was separated on a 0.5-mm 10% SDS-polyacrylamide gel (Laemmli, 1970) allowed to age overnight before loading. Sodium thioglycolic acid (0.1 mM, Sigma) was included in the upper buffer reservoir and sample loading buffer (Hunkapiller et al., 1981) . The proteins were transferred to Immobilon-P PVDF membrane (Millipore) by electroblotting in 1 O mM 3-(cyclohexylamino)-l -propanesulfonic acid, pH 1 1, 10% methanol. The blot was washed in water, stained with 0.1% Coomassie Blue R-250 in 50% methanol, destained with severa1 changes of 50% methanol, 10% acetic acid, and washed with water (Matsudaira, 1987) . All solutions were freshly prepared and methanol and acetic acid were HPLC grade. The two bands corresponding to PG2A and PG2B were excised from the blot and sequenced together by automated sequential Edman degradation on a gas phase sequenator. The yield of PTH-derivatized amino acid in the initial cycle was near 100%.
Polygalacturonase Deglycosylation
Enzymic deglycosylation of polygalacturonase from transgenic tobacco and tomato was carried out on crude cell wall extracts prepared as above except that the ammonium sulfate pellet was dialyzed against 10 mM sodium acetate pH 5.5. One hundred micrograms of tobacco protein or 5 pg of tomato protein were denatured by boiling for 5 min in the same buffer containing 0.14% SDS and 5 mM 2-mercaptoethanol. The solutions were diluted 1 .5-fold with 1 O mM sodium acetate, pH 5.5, phenylmethylsulfonyl fluotide was added to a concentration of 0.5 mM, and the solutions were incubated overnight at 37°C in the presence of 5 milliunits ofendo H (Boehringer Mannheim).
For chemical deglycosylation, tomato and tobacco cell wall extracts were chromatographed on concanavalin A-Sepharose (Sigma) as described previously (DellaPenna et al., 1986) , dialyzed against 0.1% ammonium bicarbonate adjusted to pH 7.2 by bubbling in CO,, lyophilized, and held over phosphorus pentoxide until treated. Deglycosylation with TFMS (Sigma) was carried out in the presence of anisole (Aldrich) as described (Karp et al., 1982) . The deglycosylated proteins were dialyzed extensively against 0.1 "/O ammonium bicarbonate and lyophilized.
Both enzymically and chemically deglycosylated proteins were analyzed by SDS-PAGE and immunoblotting.
Gel Electrophoresis and lmmunoblotting
Conditions used for protein separation on native 7.5% polyacrylamide gels were as described (Reisfeld et al., 1962) . Native gels were stained for polygalacturonase activity by the method of Lisker and Retig (1 974). Proteins separated on denaturing lO0/o polyacrylamide gels (Laemmli, 1970) were either Coomassie Blue stained or silver stained, or electroblotted to nitrocellulose for immunodetection using a 1000-fold dilution of polygalacturonase antiserum (DellaPenna et al., 1986) .
Cell Wall Isolation, Digestion, and Polyuronide Determination
Acetone-insoluble, phenol-extracted cell walls were isolated from tobacco leaves and from green tomato fruit pericarp as described previously (Huber, 1983a) . EDTA-soluble polyuronides were extracted from the isolated cell walls (Huber, 1983a) and quantitated by the method of Blumenkrantz and Asboe-Hansen (1973) .
For enzymic digestion of tobacco and tomato cell walls by tomato polygalacturonase, 5 mg of cell wall isolated as indicated above were digested with 10 pg (approximately 600 nmol of reducing groups min-') of a mixture of purified tomato PG2A and PG2B (DellaPenna et al., 1986) in the presence or absence of 50 pg (7.5 units) of tomato pectin methylesterase (Sigma). The digest was carried out at 25OC in 20 mM sodium citrate, 1 O0 mM NaCI, pH 4.5, with gentle shaking. At various times, aliquots were removed and assayed for soluble uronic acids as above.
Protoplast lsolation
Tobacco leaf tissue was cut into small pieces in a sterile Petri dish in 0.5 M mannitol, 0.1% BSA, 3 mM Mes, pH 5.7 (incubation medium), and washed twice with the same medium. The leaf pieces were incubated at 25OC overnight in incubation medium containing 0.5% Cellulase "Onazuka" R-1 O (Yakult Honsha, Tokyo, Japan) and 0.5% Macerase (Behring Diagnostics), and then shaken gently for 1 hr at 25°C to release protoplasts. Protoplasts were filtered through four layers of cheesecloth, centrifuged at 509 for 15 min (all centrifugations were done in a swinging bucket rotor at 4OC), resuspended in a small volume of incubation medium, and layered onto a 10%/17°/o discontinuous gradient of Ficoll 400 (Pharmacia) in incubation medium. After centrifugation at 150g for 30 min, protoplasts collecting at the top of both the 10% and 17% Ficoll layers were pooled, diluted with incubation medium, and centrifuged for 15 min at 509. The pellet was resuspended in a small volume of incubation medium and the protoplasts were counted on a hemacytometer. Yields were 1.4
x 106 to 4.7 x 106 protoplasts per gram of leaf tissue. Protein was extracted from protoplasts as described above.
